SCIENTIFIC 

REPORTS 




SUBJECT AREAS: 
AUTOPHAGY 
MACROAUTOPHAGY 
CELL BIOLOGY 
CELL DEATH 

Received 
24 September 2012 

Accepted 
12 March 2013 

Published 
27 March 2013 



Correspondence and 
requests for materials 
should be addressed to 
H.K.L. (heungkyu.lee® 
kaist.ac.kr) or O.J.Y. 
(ojyoo@kaist.ac.kr) 

* These authors 
contributed equally to 
this work. 



TAK1 regulates autophagic cell death by 
suppressing the phosphorylation of p70 
S6 kinase 1 

Ju Hyun Shin 13 , Sang-Hyun Min' 5 , Seong-Jin Kim 3 , Young-ll Kim 1 , Junsoo Park 4 , Heung Kyu Lee 2 * 
&OokJoon Yoo 2 * 

1 Department of Biological Sciences, KAIST, 373-1 Guseong-dong, Yuseong-gu, Daejeon, 305-701 , Republic of Korea, 2 Graduate 
School of Medical Science and Engineering, KAIST, 373-1 Guseong-dong, Yuseong-gu, Daejeon, 305-701 , Republic of Korea, 
3 CHA Cancer Institute, CHA University, 605, Yeoksam-dong, Gangnam-gu, Seoul, 1 35-081 , Republic of Korea, 4 Division of 
Biological Science and Technology, Yonsei University 234 Maeji-ri, Heungup-myun, Wounju-si, Gangwon-do 220-71 0, Republic of 
Korea, 5 New Drug Development Center, DGMIF, 2387 Dalgubeol-daero, Suseong-gu, Daegu, 706-01 0, Republic of Korea. 

There is growing interest in identifying regulators of autophagy. The molecular mechanism underlying 
transforming growth factor-0 activated kinase 1 (TAKl)-induced autophagy is poorly understood. We 
found that TAK1 inhibits p70 S6 kinasel (S6K1) phosphorylation by interfering interaction of raptor with 
S6K1, thus inducing autophagy. The factors that determine whether autophagy is cytoprotective or 
cytotoxic have not been fully elucidated. In Drosophila, TAK1 overexpression leads to an impaired eye 
phenotype despite inhibition of apoptosis, indicating that the phenotype was mainly due to autophagy. Also, 
TAK1 overexpression increases lactate dehydrogenase (LDH) level in mammalian cells. When treated with 
autophagy inhibitors, the level of TAK1 -induced cytotoxicity or cell death was significantly attenuated, 
indicating that TAK1 induces cytotoxic autophagic cell death. This study provides the first in vitro and in 
vivo evidence of TAK1 -induced autophagy and we believe that our findings significantly contribute to the 
understanding of the mechanisms underlying the induction of autophagy. 

Autophagy is an evolutionarily conserved mechanism that degrades long-lived proteins and cytoplasmic 
organelles. During autophagy, portions of the cytoplasm are sequestered by double-membrane structures 
called autophagosomes. These autophagosomes eventually fuse with lysosomes to form autolysosomes, 
where degradation occurs. Microtubule-associated protein 1 light chain 3 (LC3) is initially synthesized in an 
unprocessed form, proLC3, which is converted into a proteolytically processed form, LC3-I, and finally modified 
into the phosphatidylethanolamine (PE)-conjugated membrane-bound form, LC3-II, and recruited to the autop- 
hagosome 1 . 

Autophagy has multiple cellular roles, participating in both cell survival and cell death 26 . When cells lack 
essential nutrients, autophagic pathways are activated to supply nutritional components. However, under certain 
circumstances, autophagy can also be a cell death mechanism, called autophagic cell death. Autophagy has diverse 
biological roles in the regulation of processes such as aging, development, and tumorigenesis 7 . Tumorigenesis has 
been linked with decreased autophagy. Autophagy is negatively regulated by PI3K, Akt, and mTOR, which are 
often activated in cancer cells 2 . Autophagy inducers or executors such as phosphatase and tensin homolog 
(PTEN), tuberous sclerosis 1 (TSC1), tuberous sclerosis 2 (TSC2), autophagy-specific gene 4 (Atg4), and beclin 
1 are known to be potent tumor suppressors 8 . Hence, autophagy may be a tumor-suppression mechanism, and 
the identification of regulators of autophagy is needed. 

Drosophila is an attractive model system for studying the molecular mechanisms of autophagy due to short 
generation times and relatively simple screening methods. In our previous study, genes regulating cell death in 
Drosophila were identified through modifier screening of death caspase 1 (DCP1) 9 . As a result, transforming 
growth factor-P activated kinase 1 (TAK1) was selected as a candidate for inducing cell death. 

TAK1 is a serine/threonine kinase in the mitogen-activated protein kinase kinase kinase (MAPKKK) 
family 10,11 . TAK1 is a key regulator in the cascades of cellular responses and its activity is regulated by various 
cytokines including interleukin-1 (IL-1), transforming growth factor-P (TGF-P) and by toll-like receptors (TLR), 
CD40 and B cell receptors. Once activated, TAK1 will in turn, activate crucial intra-cellular kinases; the p38 
MAPK, c-jun N-terminal kinase (JNK) and I-kappa B kinase complex (IKK). p38 MAPK and JNK control the 
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transcription factors activator protein-1 (AP-1), while nuclear fac- 
tor-kappa B (NF-kB) is activated by IKK. TAK1 regulates cell sur- 
vival, differentiation and inflammatory responses via a number of 
specific transcription factors. Recently, TAK1 has also been impli- 
cated in activation of the tumor suppressor proteins, the LKB1 and 
pVHL 1214 . TAK1 plays a role in regulating apoptosis. TAK1 pro- 
motes or inhibits apoptosis in various types of cells and tissues 15,16 . 
However, the role of TAK1 in autophagy has not been completely 
defined. 

Target of rapamycin (TOR) is a highly conserved kinase that exists 
in two functional complexes, TOR complex 1 (TORC1) and TOR 
complex 2 (TORC2), that are conserved from yeast to mammals. 
Mammalian TORC1 (mTORCl) has a primary function in autop- 
hagy regulation and contains the regulatory-associated protein of 
mTOR (raptor), G|3L and PRAS40. Raptor is a 150 kDa mTOR- 
binding protein that also binds S6K1, serves as a scaffold protein of 
mTOR and facilitates mTOR phosphorylation of S6K1 17 " 19 . It is well 
known that TOR has a central role in autophagy regulation, and p70 
S6 kinase 1 (S6K1) is a direct substrate of TOR 20 " 22 . S6K1 has been 
implicated as an important positive regulator of biological processes, 
such as cell growth, proliferation, and protein synthesis 23,24 . Previous 
reports have suggested that S6K1 negatively regulates autophagy 25,26 . 
S6K1 has dual functions in autophagy regulation. Phosphorylation of 
S6K1 is critical for its function and most closely correlates with 
kinase activity in vivo 27,2 ". 

In detail, S6K1 plays a negative role for autophagy in normal 
conditions. When starvation induces autophagy, S6K1 may act as a 
positive regulator of autophagy 29,30 . 

Using a combination of several methods, including generation of 
transgenic flies, we report that TAK1 is a novel regulator of autop- 
hagic cell death. To elucidate the TAK1 -induced autophagy pathway, 
we examined the interactions among TAK1, S6K1 and raptor. We 
provide the first evidence that TAK1 negatively regulates S6K1, 
thereby inducing cytotoxic autophagic cell death in both mammalian 
cells and Drosophila. 



Results 

TAKl induces autophagy in vitro and in vivo. In order to identify 
genes regulating cell death in Drosophila, we screened 15,000 enhancer- 
promoter (EP) lines and identified 72 DCP1 -interacting genes. 
DCP1 overexpression aggravated the adult eye phenotype, but the 
co-expression of Drosophila TAKl (one of the 72 DCP1 interacting 
genes) and DCP1 showed lethality. Therefore, we raised a question if 
TAKl contributes to cell death. The mechanisms that can lead to cell 
death are apoptosis, necrosis, and autophagic cell death. Among 
these mechanisms, we examined the role of TAKl in the regula- 
tion of autophagy. 

To test whether TAKl overexpression induces autophagy in vivo, 
we designed Drosophila model experiments using transgenic lines 
with an eye-specific glass multimer reporter-GAL4/upstream activa- 
tion sequence (GMR-GAL4/UAS) system. To investigate the ability 
of TAKl to induce autophagy, we quantified the formation of auto- 
lysosomes by staining with LysoTracker Red, which is an effective 
marker of autolysosomes. In the third instar larvae of dTAKl -over- 
expressing flies, LysoTracker Red-positive puncta were observed in 
the developing imaginal eye disc posterior to the morphogenetic 
furrow. The number of autolysosomes in GMR; dTAKl flies was 
significantly increased compared with the number of autolysosomes 
in the eye discs of control flies (Fig. 1A, B). 

The efficient overexpression of dTAKl in the GMR; dTAKl flies 
was confirmed by reverse transcription- polymerase chain reaction 
(RT-PCR) (Fig. 1C). The detection of green fluorescence protein- 
tagged autophagy-specific gene 8a (GFP-Atg8a), a homolog of GFP- 
tagged microtubule-associated protein 1 light chain 3 (GFP-LC3), 
using fluorescence microscopy is one of the most useful methods for 
monitoring autophagic activity in Drosophila. The overexpression of 
dTAKl in the developing eye discs resulted in a significant accu- 
mulation of GFP-Atg8a punctate structures (which represent autop- 
hagosomes). In contrast, no punctate structures were detected in 
control eye discs (Fig. ID, E). 



LysoTracker Red Hoechst Control (GMR;GFP-Atg8a) 



Control 
(w1118) 




GMR; 
dTAKl 



GMR; GFP-Atg8a / dTAKl 



GMR; 
W1118 dTAKl 



Rp49 p; 

dTAKl /Rp49 100 



152 



Control dTAKl 



| 80 
°rf 60 

<B CD 

-a oo 40 
E 



LI 

Control dTAKl 



Figure 1 | dTAKl overexpression induces autophagy in Drosophila eye discs. (A) Third-instar larval eye discs were stained with 1 uM LysoTracker Red. 
Hoechst staining of nuclei is shown in blue. Scale bars, 100 um. (B) Quantification of the number of LysoTracker Red-positive punctate structures. 
The values represent the means ± s.d. of three independent experiments. * P < 0.05, ** P < 0.01, and *** P < 0.001. (C) The transcript levels of dTAKl in 
the third-instar larvae were analyzed by RT-PCR. Rp49 was used as an internal control. (D) The punctate structures containing GFP-Atg8a were used as 
markers of autophagosome formation in the eye discs of third-instar larvae. (E) Quantitative analysis of GFP-Atg8a puncta. The values represent 
means ± s.d. of three independent experiments. * P < 0.05, ** P < 0.01, and *** P < 0.001. 
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To investigate whether TAK1 induces autophagy in vitro, we co- 
transfected GFP-LC3 with TAK1 or a control vector in several mam- 
malian cell lines and examined the accumulation of GFP-LC3 punct- 
ate structures using fluorescence microscopy. During autophagy, 
LC3-II relocalizes to the autophagosomal membranes. Thus, the 
accumulation of GFP-LC3 puncta provides an effective way to detect 
autophagosomes. In control cells, GFP-LC3 punctate structures were 
not detected, but GFP-LC3 punctate structures were markedly 
increased in cells overexpressing TAK1 (Fig. 2A). 

GFP-LC3-II can be detected by immunoblotting with antibodies 
against GFP, and the LC3-II level correlates with the number of auto- 
phagosomes. The LC3-II level was increased markedly in TAK1- 
overexpressing cells compared with controls (Fig. 2B). In addition 
to exogenous GFP-LC3-II, we examined the level of endogenous 
autophagy with an anti-LC3 antibody. TAK1 -overexpressing cells 
showed higher LC3-II levels compared with control cells (Fig. 2C). 
Flag- tagged wild type TAK1 (TAK1-WT) and kinase inactive TAK1 
(TAK1-KW) were used in immunoblot analyses. The LC3-II level 
was decreased markedly in TAK1-KW overexpressing cells when 
compared with that of TAK1-WT overexpressing cells (Fig. 2D). 

Taken together, our study has demonstrated that TAK1 can in- 
duce autophagy in line with the recent report which mentioned that 
dominant-negative TAK1 or knockdown of TAK1 inhibits autop- 
hagy 31 . Consistent with our in vivo data (see Figure 1), the overex- 
pression of TAK1 could induce autophagy in vitro. 

Autophagy-related proteins are involved in TAK1 -induced 
autophagy. To further examine whether several autophagy-related 
proteins were involved in TAK1 -induced autophagy, we transfected 
siPvNAs against several Atg proteins (Atg5, Atg7, Atgl2, andbeclin 1) 



into HEK 293T cells and determined their influence on TAK1- 
induced autophagy. We assessed the alteration of autophagic acti- 
vity by Atg proteins using GFP-LC3 co-transfection. In the case of 
Atg7 or Atgl2 knockdown in combination with TAK1 overexpres- 
sion, GFP-LC3-II was decreased significantly compared with the 
TAK1 overexpression alone condition (Fig. 3A, B). In contrast, the 
GFP-LC3-II conversion induced by TAK1 overexpression was only 
slightly inhibited by Atg5 orbeclin 1 siRNA (Fig. 3C, D). In addition, 
we examined the influence of Atg7 and Atgl2 on TAKl-induced cell 
death using trypan blue exclusion assays. Transfection with siRNA 
against Atg7 or Atgl2 significantly diminished the cytotoxic effect of 
TAK1 relative to cells overexpressing TAK1 alone (Fig. 3E). Interes- 
tingly, the GFP-LC3-II level was inversely proportional to cell viabi- 
lity. Atgl2 is activated by Atg7 and is involved in the elongation of 
isolation membranes. Perhaps, in TAKl-induced autophagy, Atg7- 
and Atgl2-related steps contribute to autophagic cell death and 
TAK1 induces cytotoxic autophagic cell death through regulation 
of Atg7 and Atgl2. Therefore, knockdown of Atg7 and Atgl2 re- 
duced GFP-LC3 II level and restored cell viability. Similarly, Funa- 
saka et al. reported that Tpr depletion inhibits cell growth and 
promotes autophagy 32 . They also examined the effects of Tpr deple- 
tion on several autophagic factors (LC3, Beclinl, Atg3, Atg5, Atg7 
and Atgl2). These authors reported that Atg7 and Atgl2 are involved 
in Tpr depletion-induced autophagy. 

However, knockdown of Atg5 or Beclinl did not significantly 
change in GFP-LC3 II levels and cell viability (Supplementary Fig. 
1). Similarly, Chang et al. reported that siRNA for Beclinl and Atg5 
minimally affected the LC3 II conversion or cell viability in ConA- 
induced autophagy 33 . ConA (concanavalin A) induces cytotoxic 
autophagic cell death. These findings indicate that Atg7 and Atgl2 
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Figure 2 | TAK1 overexpression induces autophagy in several cell types. (A) GFP-LC3 was co-transfected with a control plasmid or a TAK1 plasmid. 
After transfection, the cells were incubated for 48 h, and GFP-LC3 puncta were then detected using fluorescence microscopy. Scale bars, 10 um. 
(B) Cells were co-transfected with GFP-LC3 along with the indicated constructs for 48 h and then harvested for immunoblot analysis. fj-actin was used as 
a loading control. GFP-LC3-II was detected as the faster migrating form of LC3 by immunoblot analysis on a 12% SDS-PAGE gel. The expression of 
TAK1, which was Flag-tagged, was measured using an anti-Flag antibody. (C) Cells were transfected with a control plasmid or a TAK1 plasmid for 48 h 
and then harvested for immunoblot analysis. Endogenous LC3 processing was evaluated by immunoblotting. (D) HEK 293T cells were co-transfected 
with GFP-LC3 and either TAK1-WT or TAK1-KW plasmid for 48 h. After transfection, cells were harvested and analyzed by immunoblottng. 
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Figure 3 | Autophagy-related proteins are involved in TAKl-induced GFP-LC3-II conversion and cell death. (A-D) HEK 293T cells were transfected 
with 100 nM of the indicated siRNAs for 16 h and transfected with TAK1 for another 24 h. The expression levels of TAK1, GFP-LC3-I, GFP-LC3-II, 
Atg5, Atg7, Atgl2, beclinl and (3-actin were analyzed by immunoblotting. (E) Cell viability of HEK 293T cells transfected with indicating siRNAs and 
TAK1 was measured by trypan blue assay. The values represent the means ± s.d. of three independent experiments. * P < 0.05. 



might be involved in the regulation of TAKl-induced autophagy. We 
examined the involvement of Atg7 and Atgl2 in TAKl-induced 
autophagy briefly in our study, but it needs to be further investigated. 

S6K1 is involved in TAKl-induced autophagy. The pathways that 
regulate autophagy are evolutionarily conserved. Therefore, we 
crossed fly lines containing some autophagy regulators (PI3K, Akt, 
dTOR and dS6K) with dTAKl to examine the eye phenotype 
changes (data not shown). Among these, dS6K showed significant 
phenotype change. Then, we focused on S6K1 to elucidate its invol- 
vement in TAKl-induced autophagy. It was reported that autophagy 
is inhibited by S6K1 in mammalian cells, and the phosphorylation of 
S6K1 coincides with the inhibition of autophagy 25,26,34 . 

Strictly speaking, S6K1 has an inhibiting effect on autophagy un- 
der normal nutritional conditions unlike starvation conditions. In 
addition to the various autophagy detection methods described prev- 
iously, we performed FACS analysis to show TAKl-induced autop- 
hagic flux (Supplementary Fig. 2). A new method using FACS to 
allow quantitative analysis of GFP-LC3 turnover has been reported. 
Through FACS analysis, autophagic flux can be quantified by mea- 
suring the delivery of GFP-LC3 into lysosomes. 

The disappearance of GFP-LC3 is detectable in cells using FACS. 
As LC3 is delivered into the lysosomes during autophagy, the dis- 
appearance of total GFP-LC3 is a good indicator of autophagic activ- 
ity 35 . The GFP-LC3 level was examined in human embryonic kidney 
(HEK) 293 T cells. The GFP-LC3 level of TAK1 overexpressing cells 
was reduced compared to mock vector-transfected cells. This reduc- 
tion was due to the induction of autophagy, indicating that autop- 
hagy was induced by TAK1 overexpression. On the other hand, S6K1 
overexpression increased GFP levels. 



We showed TAKl-induced autophagy in normal culture condi- 
tions. In addition, we tested whether TAK1 can induce autophagy in 
rapamycin-induced or starvation-induced autophagy. In these con- 
ditions, TAK1 also promotes autophagy (Supplementary Fig. 3). 

We generated transgenic flies that expressed dTAKl on several 
genetic backgrounds to investigate the interaction between S6K1 and 
TAK1 in autophagy. We compared the abilities of these mutants to 
induce autophagy using LysoTracker Red staining. As expected, the 
number of LysoTracker Red-positive puncta was markedly increased 
in GMR; dTAKl flies compared with the control files (GMR-GAL4 
and dTAKl /dTAKl). In GMWdS6K-WT flies, few autolysosomes 
were detected. However, when co-expressed with dTAKl, the 
number of autolysosomes was increased. In GMR/dS6K-DN flies, a 
few autolysosomes were detected. Whereas, the number of auto- 
lysosomes in the eye discs of flies expressing both Drosophila dom- 
inant-negative S6K (dS6K-DN) and dTAKl was greatly increased 
(Fig. 4A). The overexpression of dTAKl alone was sufficient to 
induce a moderate level of autophagy. However, dTAKl overexpres- 
sion in combination with dS6K-WT or dS6K-DN resulted in a sig- 
nificant decrease or increase, respectively, in the number of auto- 
lysosomes (Fig. 4B). The use of a GMR-GAL4 driver to overexpress 
dTAKl in the developing eye caused a lack of pigmentation and a 
rough, impaired appearance compared with control flies. The adult 
eye phenotype of dS6K-WT or dS6K-DN alone was similar to eyes of 
control flies. Somewhat aggravated eye phenotypes were observed in 
GMRJdS6K- WT; dTAKl flies compared with those of GMR/dS6K- 
WT flies. When co-expressed with dTAKl, pupal lethality was 
observed on the dS6K-DN background (Fig. 4C). Additionally, the 
severity of the adult eye phenotype of each fly genotype was corre- 
lated with the autolysosome number. 
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Figure 4 | S6K1 is involved in TAKl-induced autophagy in vivo and in vitro. (A) Eye discs of flies of the indicated genotypes were stained with 1 uM 
LysoTracker Red to detect autolysosomes. Autolysosomes were visualized as LysoTracker Red-positive punctate structures. Scale bars, 100 \im. 
(B) The numbers of autolysosomes present in flies of each genotype were quantified. The values represent the means ± s.d. of three independent 
experiments. (C) Ectopic expression of the indicated genes in Drosophila eyes was induced using the eye-specific driver GMR-GAL4. The adult eye 
phenotypes of the flies of the indicated genotypes were photographed. Scale bars, 0. 1 mm. (D ) HEK 293T cells were transfected with TAK 1 -WT for 24 h 
and then transfected with the indicated siRNAs for 48 h. Cell lysates were then harvested and analyzed by immunoblotting using the indicated antibodies. 
A GFP antibody was used to measure the levels of LC3-II, which are correlated with the number of autophagosomes. 



To elucidate the role of S6K1 in TAKl-induced autophagy, the 
effect of S6K1 depletion by gene silencing was examined in TAK1- 
overexpressed HEK 293T cells. The S6K1 silencing increased GFP- 
LC3-II level compared with that of TAK1 overexpression alone. 
However, upon TAK1 silencing, we observed a reduction in GFP- 
LC3-II, indicating that the autophagic activity was reduced (Fig. 4D). 
In addition to exogenous GFP-LC3-II levels, TAK1 knockdown 
decreased endogenous LC3-II levels compared to mock vector-trans- 
fected cells. TAK1 overexpression reduced the phosphorylation of 
S6K1, and the phosphorylation level was somewhat rescued when 
TAK1 was silenced (Supplementary Fig. 4A). 

IL1-P is a well-known TAK1 activator. Therefore, we examined 
S6K1 phosphorylation in ILl-p 1 treated cells. The S6K1 phosphoryla- 
tion pattern was similar to Supplementary Fig. 4A, but the phosphor- 
ylation level was weaker than normal conditions (Supplementary Fig. 
4B, C). Perhaps, this weaker S6K1 phosphorylation is due to TAK1 
activation. Activated TAK1 may suppress S6K1 phosphorylation 
more potently. 

Taken together, our results indicate that S6K1 has an inhibitory 
effect on autophagic activity under normal nutritional conditions, 
consistent with the findings of several other reports 25,26,34 . 

Phosphorylation of S6K1 correlates with the suppression of 
autophagy 36 . Thus, the suppression of S6K1 phosphorylation could 



promote autophagy. To test whether TAKl-induced autophagy was 
associated with the inhibition of S6K1 phosphorylation, we mea- 
sured S6K1 phosphorylation and examined the interaction between 
TAK1 and S6K1. 

We tested the effects of dTAKl overexpression on dS6K phos- 
phorylation in Drosophila third-instar larvae and pupae. Immuno- 
blot analyses showed that dS6K phosphorylation was markedly 
reduced in dTAKl -overexpressing flies. Rheb was used as a positive 
control 37 and wlll8 was used as a wild- type control. As expected, 
Rheb overexpression increased dS6K phosphorylation (Fig. 5A). The 
overexpression of TAK1 in HEK 293T cells decreased S6K1 phos- 
phorylation in a dose-dependent manner and the quantification of p- 
p70S6Kl/S6Kl level was presented (Fig. 5B). 

Immunoprecipitation experiments demonstrated that TAK1 
binds to S6K1 (Fig. 5C). Interestingly, GFP-LC3-II level showed an 
inverse proportion to S6K1 phosphorylation level. TAK1 alone 
increased the LC3-II level in accordance with Figure 2B. In contrast, 
S6K1 alone decreased the LC3-II level. When S6K1 was co-expressed 
with TAK1, S6K1 phosphorylation was decreased, but the LC3-II 
level was increased compared with that of S6K1 expression alone 
(Fig. 5C). To identify which part of S6K1 is involved in binding 
to TAK1, we examined several S6K1 mutants. As a result, the 
S6K1 C-terminal deletion mutant (Myc-S6K1 delta CT) exhibited 
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Figure 5 | TAK1 binds to S6K1 and suppresses the phosphorylation of S6K1. (A) Phosphorylation of dS6K was detected by immunoblotting using a 
p-dS6K antibody in third-instar larvae and pupae of the indicated genotypes. Protein extracts from pupae and third-instar larvae were used. P-tubulin was 
used as a loading control, and Rheb-overexpressing flies were used as positive controls. dS6K phosphorylation in each genotype was quantified using 
Adobe Photoshop and normalized to P-tubulin. (B) Cells were transfected with the indicated constructs and incubated for 48 h. Cell lysates were then 
collected and immunoblotted with the indicated antibodies. S6K1 phosphorylation decreased in a TAK1 dose-dependent manner. (C) HEK 293T cells 
were transfected with the indicated constructs, and 48 h after transfection, a Myc immunoprecipitate was obtained and analyzed for the presence of an 
S6K1-TAK1 complex using a Flag antibody. The blots in the lower four panels were derived from the same cell lysates using the indicated antibodies. 
(D) Cells were transfected with the denoted constructs, and 48 h after transfection, S6K1-TAK1 complex was detected using an S6K1 antibody. The blots 
in the lower three panels were derived from the same cell lysates using the indicated antibodies. (E) Myc-S6K1 construct was co-transfected into cells with 
Flag-tagged TAK1-WT or TAK1-KW and incubated for 48 h. Lysates were collected and immunoblotted with the indicated antibodies. 



significantly reduced binding to TAK1 (Supplementary Fig. 5). 
Therefore, we propose that the S6K1 C-terminal region is involved 
in TAK1-S6K1 binding. 

These data indicated that S6K1 phosphorylation level is related 
with autophagy inhibition. Next, we examined whether TAK1 could 
interact with endogenous S6K1. However, in HEK 293T cells, we 
could not co-precipitate the endogenous TAK1 and S6K1. We tested 
the endogenous interaction in NIH 3T3 cells, but we couldn't observe 
the immune complex, either (data not shown). 

Maybe, the commercially available antibodies have relatively low 
efficacy to detect endogenous interaction. Alternatively, we used 
Flag-tagged construct to detect endogenous interaction. We exam- 
ined the interaction of the overexpressed Flag-TAKl with endogen- 
ous S6K1. We found that endogenous interaction was shown after 
transient expression of Flag-TAKl (Fig. 5D). In order to examine 
whether the kinase function of TAK1 is important for S6K1-TAK1 
binding, we used TAK1 kinase inactive mutant (TAK1-KW). 
Importantly, the overexpression of TAK1-KW showed the remark- 
ably reduced binding affinity and considerably restored phosphor- 
ylation level of S6K1 compared with TAK1-WT overexpression 
(Fig. 5E). Additionally, we evaluated the phosphorylation of S6K1 
in myc-S6Kl IP. The phosphorylation pattern was similar to the 
S6K1 phosphorylation pattern in whole cell lysates (Supplementary 
Fig. 6). 



We examined the effect of TAK1-KW on raptor-S6Kl binding. 
TAK1-WT interfered with the binding of raptor to S6K1, whereas 
TAK1-KW hardly had an influence on the raptor-S6Kl binding 
(Supplementary Fig. 7). 

TAK1 competes with S6K1 for raptor binding. Autophagy is cha- 
racterized by the inhibition of TORC1 signaling, but the regulation of 
TORC1 signaling in autophagy is not yet fully understood. Raptor 
binding to S6K1 is essential for phosphorylation of S6Kl llJ3s . There- 
fore, we targeted raptor to investigate its role in TAK1 -induced 
autophagy. We observed TAK1 -raptor interaction by immunopre- 
cipitation (Fig. 6A). Interestingly, TAK1 co-expression resulted in a 
decrease in raptor-S6Kl binding. (Fig. 6B). Furthermore, TAK1- 
S6K1 binding decreased in a dose-dependent manner in response 
to increasing raptor levels. In contrast, raptor-S6Kl binding increas- 
ed in a raptor dose-dependent manner (Fig. 6C). These results 
indicate that TAK1 may compete with S6K1 for raptor binding. 
Therefore, our results suggest that S6K1 and raptor are involved in 
TAK1 -induced autophagy and that TAK1 interferes with the binding 
of S6K1 to raptor, thereby suppressing S6K1 phosphorylation and 
activation. 

It was reported that TAK1 activates AMP-activated protein kinase 
(AMPK) to induce cytoprotective autophagy in TNF-related apop- 
tosis-inducing ligand (TRAIL)-treated epithelial cells 39 . To study the 
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Figure 6 | TAK1 competes with S6K1 for binding to raptor. (A) HA-raptor and Flag-TAKl were co-transfected into HEK 293T cells. An HA 
immunoprecipitate was obtained and analyzed for the presence of raptor-TAKl complexes using a Flag antibody. The blots in the lower three panels were 
obtained from the same cell lysates using antibodies against Flag, HA or fi-actin. (B) HEK 293T cells were transfected with the indicated genes, and 48 h 
after transfection, cell lysates were immunoprecipitated with an anti-Myc antibody, followed by immunoblotting with antibodies to HA, Flag or Myc. The 
blots in the lower four panels were obtained from the same cell lysates using the indicated antibodies. (C) Dose-dependent co-immunoprecipitations were 
performed in HEK 293T cells. Cells were transfected with the indicated constructs, along with increasing amounts of HA-raptor, and incubated for 48 h. 
Cell lysates were collected and immunoblotted with the indicated antibodies. (D) TAK1 induces AMPK-independent autophagy. HEK 293T cells were 
transfected with the indicated siRNA and TAK1. The expression of TAK1, GFP-LC3-I, GFP-LC3-II, p AMPK- a, AMPK-ac and P-actin were analyzed by 
immunoblot analysis. (' + ' denotes 50 nM AMPK siRNA, and ' + + ' denotes 100 nM AMPK siRNA.). 



role of AMPK in TAK1 -induced autophagy, the expression of AMPK 
was downregulated using siRNA. We did not observe AMPK phos- 
phorylation when TAK1 was overexpressed. Furthermore, AMPK 
down-regulation had little influence on GFP-LC3-II level which 
was induced by TAK1 overexpression (Fig. 6D). It is possible that 
wild-type TAK1 overexpression itself does not affect AMPK phos- 
phorylation 14 . Another possibility is that TRAIL may influence other 
signals besides TAK1. Therefore, our results indicate that TAK1 can 
induce autophagy independent of AMPK phosphorylation. 

TAK1 induces cytotoxic autophagic cell death. In our previous 
study, the co-expression of dTAKl with DCP1 showed lethality 9 . 
Thus, we examined the effect of TAK1 and DCP1 on apoptosis 
and autophagy, respectively. Considering the disrupted eye pheno- 
type of GMR; dTAKl flies, we investigated whether this phenotype is 
due to autophagy or not. We used LysoTracker Red staining to 
detect autophagy and immunostaining with an active caspase 3 
antibody to detect apoptosis. The number of autolysosomes in 
dTAKl -overexpressing flies was significantly higher than the 
number of autolysosomes in DCPl-overexpressing flies. When over- 
expressed, DCP1 induced a marked increase in the number of cas- 
pase 3 -positive puncta compared with wild-type eye discs and 
dTAKl -overexpressing eye discs. In the GMR; dTAKl eye discs, a 
relatively low number of caspase 3-positive puncta were observed 



compared with the eye discs of GMR > DCP1 flies (Fig. 7A, B). 
Despite suppression of apoptosis using p35 (apoptosis inhibitor), 
the rough, impaired adult eye phenotype was still observed in 
GMR/p35; dATKl flies (similar to that of dTAKl -overexpressing 
flies), and there were many LysoTracker Red-positive puncta, i.e., 
autolysosomes (Fig. 7C). These suggest that TAKl-induced autopha- 
gy may contribute to cytotoxic effect, not cytoprotective function. To 
confirm the efficient expression of p35 in the transgenic flies, we used 
immunostaining with an active caspase 3 antibody to detect apopto- 
sis. Few caspase 3-positive punctate structures were observed. There- 
fore, these results indicate that the dTAKl -induced impaired eye 
phenotype is mainly due to autophagy. 

In addition to its cytoprotective role, autophagy also participates 
in cell death. However, it is not fully understood what factors 
determine whether autophagy is cytoprotective or cytotoxic. Con- 
sidering the deleterious effects of dTAKl overexpression on the adult 
eye (Fig. 4C), we hypothesized that TAK1 overexpression may cause 
cytotoxic cell death. Therefore, we tested the potential role of TAKl- 
induced autophagy in promoting cell death by measuring cytotoxi- 
city with a lactate dehydrogenase (LDH) release assay in HEK 293T 
cells. TAK1 overexpression was significantly more cytotoxic than 
control (Fig. 7D). We evaluated the LDH levels with S6K1 overex- 
pression and co-expression of TAK1 and S6K1 decreased LDH levels 
(Supplementary Fig. 8). 
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Figure 7 | TAK1 induces cytotoxic autophagic cell death. (A) Eye discs of third-instar larvae of the indicated genotypes were stained with LysoTracker 
Red to detect autophagic activity and with an active caspase-3 antibody to detect apoptosis. Adult eye phenotypes of the indicated genotypes were 
visualized. Scale bars indicate 100 um. (B) The number of puncta in each immunofluorescent image was quantified. Bars indicate means ± s.d. of three 
independent experiments. (C) The apoptosis inhibitor p35 had little influence on the dTAKl-induced eye phenotype. Immunostaining of third-instar 
larval eye discs with 1 uM LysoTracker Red shows many punctate structures. The eye discs were stained with active caspase 3 to allow detection of 
apoptosis. The adult eye phenotype of flies co-expressing dTAKl and the effector caspase inhibitor p35 was visualized. Scale bars, 100 um. (D) HEK 293T 
cells were transfected with the indicated constructs for 24 h, and cytotoxicity was then measured using a LDH release assay. The error bars represent the 
means ± s.d. of three independent experiments. (E) HEK 293T cells were transfected with the indicated constructs for 48 h. Luminogenic caspase 3/7 
substrates were added, and the cells were then incubated for 1 h at room temperature. Caspase activity was analyzed using a luminometer. Bars represent 
means ± s.d. of three independent experiments. (F) HEK 293T cells were transfected with the indicated constructs and left untreated or treated with 
100 nM bafilomycin Al. The cells were analyzed for cytotoxicity using a LDH release assay. The values represent the means ± s.d. of three independent 
experiments. (G) The level of TAKl-induced cell death is restored by treatment with the autophagy inhibitors bafilomycin Al and 3-MA. The cells were 
pre-treated with 20 nM bafilomycin Al or 2 mM 3-MA for 1 h. After drug treatment, the cells were transfected with either a control plasmid or a TAK1 
plasmid. 48 hours after transfection, cells were harvested, and cell viability was assessed using a trypan blue exclusion assay. The values represent the 
means ± s.d. of three independent experiments. * P < 0.05, ** P < 0.01, and *** P < 0.001. 



However, the caspase 3/7 activities resulting from the overexpres- 
sion of TAK1 and control showed slight difference (Fig. 7E). Bax used 
as a positive control to confirm the efficient caspase 3/7 activity. To 
further confirm the role of TAKl-induced autophagy in regulating 
cell death, bafilomycin Al, an autophagy inhibitor, was used. When 
autophagy was blocked using bafilomycin Al, the cytotoxicity of 
TAK1 was significantly reduced (Fig. 7F). 

To determine whether autophagy induced by TAK1 was respons- 
ible for the reduced cell viability, we used a trypan blue exclusion 
assay and measured the viability of cells treated with 3-methylade- 
nine (3-MA) (an inhibitor of class III phosphatidylinositol 3- 
kinase that blocks autophagy) or bafilomycin Al to inhibit autop- 
hagy. The treatment of cells with 3-MA or bafilomycin Al prior to 



the transfection of TAK1 significantly rescued the cell viability 
defect, indicating that TAKl-induced autophagy contributes to cell 
death, not cell survival (Fig. 7G). 

Discussion 

In this study, we addressed the mechanism of TAKl-induced autop- 
hagy by combining in vitro and in vivo approaches. We identified 
TAK1 as a positive mediator of autophagy via the suppression of 
S6K1 phosphorylation and showed that the overexpression of TAK1 
induces autophagy by measuring GFP-LC3 punctate structures and 
GFP-LC3-II level in HEK 293T cells and using the GMR-GAL4 
system in Drosophila eyes. Furthermore, the cytotoxicity of TAKl- 
induced autophagy can be attenuated by pretreatment with 3-MA or 
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bafilomycin Al, both of which are autophagy inhibitors. We 
observed that TAK1 overexpression induces autophagy and pro- 
vided evidence that TAK1 -induced autophagy is cytotoxic, not 
cytoprotective. 

S6K1 is an important regulator of cell proliferation and growth. In 
addition to cell size regulation, S6K1 is involved in the inhibition of 
autophagy 26,34 . In detail, S6K1 has dual functions in autophagy regu- 
lation. S6K1 has a positive role in autophagy induction under star- 
vation conditions 29,30 . However, S6K1 inhibits autophagy under 
normal nutritional conditions 40,41 . 

In particular, it appears that downregulation of S6K1 phosphor- 
ylation is correlated in autophagy induction when autophagy acts as 
a cell death mechanism. For example, ionising radiation (IR) induces 
autophagic cell death and reduces the phosphorylation level of S6K1. 
S6K1 was suppressed by IR and autophagy was induced 40 . Pen- 
tagalloylglucose (PGG) induces caspase-independent autophagic cell 
death and decreases S6K1 phosphorylation 41 . Similarly, TAK1- 
induced autophagy act as an autophagic cell death, so S6K1 has an 
inhibitory effect on autophagy induction. 

It is possible that S6K1 has a positive or negative role for autop- 
hagy according to nutritional conditions. S6K1 may enhance 
autophagy (cytoprotective autophagy) under starvation conditions 
whereas it may suppress autophagy (autophagic cell death) under 
normal conditions. We suggest that downregulation of S6K1 may 
promote autophagy (particularly cytotoxic autophagic cell death) 
under normal nutritional conditions. 

The mTOR/S6Kl pathway plays important roles in tumorigen- 
esis 42,43 . In this regard, regulation of S6K1 could be helpful for the 
treatment of cancer. Therefore, we investigated how S6K1 phosphor- 
ylation is regulated during TAK1 -induced autophagy. Furthermore, 
we examined the interaction of TAK1 and S6K1. We found that 
TAK1 decreases S6K1 phosphorylation and binds to S6K1. 

Upon observing that TAK1 negatively regulates S6K1, we per- 
formed additional experiments to further define the molecular 
mechanism behind this inhibition. Autophagy is characterized by 
inhibition of mTORCl, so we targeted raptor, which is a major 
component of mTORCl and may be another regulator of TAK1- 
induced autophagy. Our results show that TAK1 negatively regulates 
S6K1 by interfering with S6Kl's binding to raptor. 

Although previous report mentioned that the relationship 
between TAK1 and AMPK in TRAIL treated cells 39 , this is the first 
study showing that TAK1 binds to S6K1 and TAK1 competes S6K1 
for raptor binding in regulating autophagy. Herrero-Martin et a/ 39 , 
reported that TAK1 activates AMPK-dependent cytoprotective 
autophagy in epithelial cells treated with TRAIL. However, TAK1 
did not activate AMPK and induced cytotoxic autophagy in our 
study. It is possible that TAK1 induces autophagy through several 
pathways. TAK1 might induce autophagy through not only AMPK- 
dependent way, but also AMPK-independent pathway. We think 
that our TAKl-induced autophagy acts through AMPK-independ- 
ent pathway. Also, it is plausible that TAK1-WT overexpression does 
not affect AMPK phosphorylation 14 . Herrero-Martin et al. men- 
tioned that TAK1 is essential, but not sufficient for the effective 
activation of AMPK. Additionally, it is possible that TRAIL may 
activate other signals besides TAK1. 

Autophagy is a potent tumor suppressive mechanism. Multiple 
genes that are required for the induction or execution of autophagy 
are known to be potent tumor suppressors; these include phospha- 
tase and tensin homolog (PTEN), tuberous sclerosis 1 (TSC1), tuber- 
ous sclerosis 2 (TSC2), autophagy-specific gene 4 (Atg4), and beclin 
I s . Moreover, many negative regulators of autophagy, including Akt, 
class I phosphoinositide 3 kinase (PI3K), mTOR, and S6K1, have 
oncogenic properties 2,44 . Autophagy can suppress tumor progression 
by promoting cell death and inhibiting cell growth. The induction of 
autophagic cell death has emerged as a new potential therapeutic 
method to solve the problem of cancer cell resistance to apoptosis 



or radiotherapy 45 . Apoptosis-resistant or radio-resistant cancer cells 
can undergo autophagic cell death when treated with autophagy- 
inducing agents. These properties of autophagy may play critical 
roles in tumor suppression. 

Autophagy plays contrasting roles in regulating cell death and 
survival. To resolve these contradictory phenomena, a better under- 
standing of the molecular regulators of autophagy-mediated cellular 
events is needed. Explaining how a specific pathway may lead to 
opposite biological effects is important for the development of new 
therapeutic strategies related to autophagy. Autophagy may particip- 
ate in either the inhibition or acceleration of cancer cell death, but, 
under certain circumstances, it may serve as a tumor suppression 
mechanism before tumors form. 

Based on our in vitro and in vivo data that TAK1 overexpression 
induces autophagic cell death, we can use it as a potential therapy in 
eliminating apoptosis-resistant or radio-resistant cancer cells. Our 
study may therefore provide the basis for new anti-cancer therapies. 
TAKl-induced autophagic cell death will influence drug design and 
the mechanistic study of cancer cell death. Targeting the autophagic 
pathway to kill cancer cells has emerged as a promising new 
approach for drug discovery and cancer therapy. Recent report sug- 
gested that cancer cells can undergo death by non-apoptotic path- 
ways such as autophagic cell death 46 . 

In summary, our study demonstrates that TAK1 acts as a novel 
inducer of autophagic cell death by negatively regulating the S6K1. 
The regulation of autophagy is important for several aspects of bio- 
logical processes and medicine, and thus, it is of great importance to 
find novel regulators of autophagy. Here, we showed the relationship 
among TAK1, raptor and S6K1. TAK1 competes S6K1 for binding to 
raptor, thus inducing autophagy. And the S6K1 phosphorylation 
level was decreased when TAK1 was overexpressed. We also showed 
that this regulation is evolutionarily conserved between mammalian 
cells and Drosophila. We believe that our results will be useful in 
future investigations, including research on anti-cancer therapies. 
Because TAK1 induces autophagic cell death and negatively regu- 
lates S6K1, which is a positive regulator of cell growth, the modu- 
lation of TAKl-induced autophagy may be a good candidate for the 
treatment of cancer. 

Methods 

Cell culture and transfection. HEK 293T cells, HEK 293A cells, and U20S human 
osteosarcoma cells were grown in Dulbecco's Modified Eagle's Medium (DMEM; 
Gibco-BRL, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum 
(FBS; HyClone, Logan, UT, USA), 100 IU/ml penicillin, and 100 ug/ml streptomycin 
(Gibco-BRL). All cells were maintained at 37°C in a humidified incubator with 5% 
C0 2 . HEK 293T cells were transfected as described in the figure legends using the 
FuGENE HD Transfection Reagent (Roche, Mannheim, Germany), according to the 
manufacturer's protocol. 

Drosophila stocks. The \JAS-dS6K-DN and UAS-Rheb fly lines were obtained from 
the Bloomington Stock Center (Indiana University, Bloomington, IN, USA). The 
GMR-GAL4 > UAS-DCPl/CyO mutant fly line was made by Y.I. Kim. The UAS- 
dTAKl and eye-specific GMR-GAL4 fly lines were kind gifts from Dr. J. Chung (Seoul 
National University, Seoul, Republic of Korea). The UAS-GFP-Atg8a fly line was a 
generous gift from Dr. T.P. Neufeld (University of Minnesota, Minneapolis, MN, 
USA). The UAS-rfS6K-WT fly line was kindly provided by Dr. G. Thomas (University 
of Cincinnati Genome Research Institute, Cincinnati, OH, USA). The eye phenotypes 
of adult transgenic flies were photographed using a Carl Zeiss Stemi 2000C 
microscope with Axio Vision AC software. 

Immunoprecipitation. The Flag-tagged TAK1-WT construct and Flag-tagged 
TAK1-KW construct were kindly provided by Dr. H-H Kim (Seoul National 
University, Seoul, Republic of Korea) and Dr. Seong-Jin Kim (CHA University, Seoul, 
Republic of Korea). The Myc-tagged S6K1 construct was a kind gift from Dr. J. 
Chung. The HA-raptor plasmid was purchased from Addgene (Cambridge, MA, 
USA). Forty-eight hours after transfection, transfected cells were lysed and incubated 
on ice for 30 min with lysis buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 10% 
glycerol, 5 mM EDTA, 1% Triton X-100, a complete protease inhibitor cocktail tablet 
and a phosphatase inhibitor cocktail tablet from Roche). Cell lysates were centrifuged 
at 10,000 X gfor 15 min at 4 D C. Protein lysates from each sample (500 ug) were 
incubated with 4 ug of specific antibodies overnight at 4 C. After the overnight 
incubation, 25 ul of Dynabeads Protein G (Invitrogen, Oslo, Norway) was added, 
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followed by an additional 1 h incubation at 4°C. The beads were collected by placing 
tubes on a magnet for 2 min, washed three times with 200 ul phosphate- buffered 
saline (PBS) containing 10% lysis buffer, and resuspended in 25 ul of 2X SDS sample 
buffer. The samples were incubated for 5 min at 95 C, followed by incubation of tubes 
on the magnet for 2 min. Supernatants were collected and loaded onto a gel. 
Immunoprecipitated complexes were separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) on 8-12% acrylamide gels and 
transferred to a nitrocellulose membrane. Following transfer, the membranes were 
blocked for 1 h at room temperature in blocking buffer (5% skim milk in PBS). The 
membranes were incubated overnight at 4 C C in primary antibodies diluted in 
IX 0.1% Tween-20 in PBS (PBST). Phosphospecific S6K1 T389 (1 : 1,000 dilution), 
HA-Tag (for immunoprecipitation, 1 : 50 dilution), and Myc-Tag (for 
immunoprecipitation, 1 : 200 dilution) antibodies were purchased from Cell 
Signaling Technology (Beverly, MA, USA). FLAG M2 (1 : 1,000 dilution) and P-actin 
( 1 : 10,000 dilution) antibodies were purchased from Sigma {St Louis, MO, USA). HA 
(for immunoblotting, 1 : 1,000 dilution) and Myc (for immunoblotting, 1 : 1,000 
dilution) antibodies were obtained from Roche (Mannheim, Germany). The 
membranes were washed three times with PBST. Secondary antibodies were diluted 
in PBST and were added to the membrane for 1 h 40 min at room temperature. The 
following secondary antibodies were used: anti-rabbit IgG horseradish peroxidase 
(HRP)-linked antibody (Cell Signaling Technology, 1 : 2,000 dilution) and goat 
anti-mouse IgG-HRP conjugated antibody (Chemicon, Billerica, MA, USA, 1 : 5,000 
dilution). The membranes were washed five times with PBST. Chemiluminescent 
detection was accomplished using the SuperSignal West Pico substrate (Pierce, 
Rockford, IL, USA). The images were analyzed with an LAS 4000 instrument 
(Fujifilm, Minato, Tokyo, Japan). 

Immunoblot analysis. The GFP-LC3 plasmid was a kind gift from Dr. Tamotsu 
Yoshimori (Osaka University, Osaka, Japan). Forty-eight hours after transfection, 
whole-cell protein lysates were prepared from transfected cells using 5X sample 
buffer (250 mM Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 0.5 M DTT, and 0.02% 
bromophenol blue). Denatured protein (20 ug) was loaded on 8-12% gels, and 
electrophoresis was performed. The gels were then transferred onto nitrocellulose 
membranes for 2 h at 4°C. Following transfer, the membranes were blocked for 1 h at 
room temperature in blocking buffer (5% skim milk in PBS). The membranes were 
then incubated overnight at 4°C in primary antibodies diluted in 1 X PBST buffer. 
The following primary antibodies were used: GFP (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA, 1 : 1,000 dilution), FLAG M2 ( Sigma- Aldrich, 1 : 1,000 dilution), 
R-actin (Sigma-Aldrich, 1 : 10,000 dilution), phosphospecific S6K1 T389 (Cell 
Signaling Technology, 1 : 1,000 dilution), Myc (Roche, 1 : 1,000 dilution), pAMPK-ot 
(Cell Signaling Technology, 1 : 500 dilution), AMPK-a (Cell Signaling Technology, 
1 : 1,000 dilution), Atg5 (Cell Signaling Technology, 1 : 1,000 dilution), Atg7 (Cell 
Signaling Technology, 1 : 1,000 dilution), Atgl2 (Cell Signaling Technology, 1 : 1,000 
dilution), beclinl (Cell Signaling Technology, 1 : 1,000 dilution) and LC3B (Cell 
Signaling Technology, 1 : 1,000 dilution). The membranes were washed three times 
with PBST. Secondary antibodies were diluted in PBST and were added for 1 h 
40 min at room temperature. The following secondary antibodies were used: anti- 
rabbit IgG HRP-linked antibody (Cell Signaling Technology, 1 : 2,000 dilution) and 
goat anti-mouse IgG-HRP conjugated antibody (Chemicon, 1 : 5,000 dilution). The 
membranes were washed five times with PBST. Chemiluminescent detection was 
accomplished using SuperSignal West Pico substrate (Pierce, Rockford, IL, USA), and 
the images were analyzed with an LAS 4000 instrument (Fujifilm). 

Immunoblotting of Drosophila. Fifteen third-instar larvae or pupae of the indicated 
genotypes were collected and ground in 300 uL of lysis solution (1% Triton X-100, 
50 mM Tris pH7.4, 500 mM NaCl, 7.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM NaV0 4 , 
50 mM P-glycerophosphate, 1 mM DTT, and 25% glycerol). Fifty micrograms of 
protein were loaded onto a 12% SDS-gel and transferred onto a nitrocellulose 
membrane. The membrane was incubated overnight at 4 C with a phosphospecific 
dS6K T398 antibody (Cell Signaling Technology, 1 : 500 dilution) or a mouse anti- 
tubulin antibody (E7, DSHB, University of Iowa, Iowa city, IA, USA, 1 : 1,000 
dilution). 

RT-PCR. For each sample, total RNA from 15 third-instar larvae or pupae was 
extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Reverse 
transcription was carried out with the Transcriptor First Strand cDNA synthesis Kit 
(Roche) using the provided protocol. PCR was then performed as follows: 5 min 
denaturation at 95 C followed by 30 cycles of amplification (95°C for 1 min, 55°C for 
1 min, and 7T'C for 2 min) and an additional extension for 10 min at 72°C. The 
Rp49 primers were as follows: forward (5'-AGA TCG TGA AGA AGC GCA CC-3') 
and reverse (5'-CGA TCC GTA ACC GAT GTT GG-3 ' ). The dTAKl primers were as 
follows: forward (5'-GAT GACCAACAATCG CGG -3') and reverse (5'-GCCGAC 
GAG GTG AGG TTG -3 ' ) 47 . RT-PCR was performed using a GeneAmp PCR System 
9700 (Applied Biosystems, CA, USA). 

LysoTracker Red staining of third-instar larvae. Imaginal eye discs were dissected 
from third-instar larvae in PBS. Eye discs were incubated for 1 min in LysoTracker 
Red (Molecular Probes, Eugene, OR, USA, 1 : 1,000 dilution) and Hoechst 33342 
(Sigma-Aldrich, 1 : 100 dilution) for 10 s in PBS. The collected discs were washed 
three times with PBS, mounted on glass slides with coverslips, and immediately 
photographed using a Leica DM6000B microscope (Leica, Wetzlar, Germany). 



Caspase 3 staining of third-instar larvae. Imaginal eye discs were dissected from 
third-instar larvae in PBS. For caspase 3 staining, the discs were fixed in 4% 
paraformaldehyde for 20 min at room temperature and were labeled with a cleaved 
caspase 3 primary antibody (Cell Signaling Technology, 1 : 50 dilution) and an Alexa 
Fluor 488 goat anti-rabbit IgG secondary antibody (Molecular Probes, 1 : 200 
dilution). The coverslips were mounted on glass slides using 60% glycerol, and images 
were acquired using a Leica DM6000B microscope. 

Caspase activity test. Caspase activity was determined using the Caspase-Glo 3/7 
Assay (Promega, Madison, WI, USA). Forty-eight hours after transfection, cells were 
harvested. Eight thousand cells were counted for each well of a 96-well plate, and the 
cells were mixed with the Caspase Glo 3/7 reagent (1 : 1 ratio). Samples were 
incubated for 1 h at room temperature. The luminescence of each sample was 
measured in a Wallac Victor 1420 multilabel counter (PerkinElmer, Waltham, MA, 
USA). 

Autophagy detection using the GFP-Atg8a system in drosophila. The GMR-GAL4/ 
BC; dTAKl/TM6B transgenic fly line was made and then crossed with the UAS-GPP- 
Atg8a line. The third-instar larvae expressing both dTAKl and GFP-Atg8a were 
collected. Eye discs were dissected in PBS and mounted on glass slides with coverslips 
using 60% glycerol. Eye disc samples were imaged with a Leica DM6000B microscope. 
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